A frequency-stabilized laser system at 1572 nm for space-borne carbon dioxide (CO 2 ) detection LIDAR to realize the precise measurement of the global atmospheric CO 2 concentration is presented in this Letter. A distributedfeedback laser diode serves as the master laser (ML) and is wavelength locked to the CO 2 line center at 1572.0179 nm using the external frequency modulation technique. The root mean square frequency drift is suppressed to about 50 kHz at an average time of 0.1 s over 8 h. Based on optical phase-locked loops, an online seeder and an offline seeder are offset locked to the reference laser at 1572.024 and 1572.081 nm, respectively, retaining virtually the same frequency stability as the ML.
Carbon dioxide (CO 2 ) measurement is becoming gradually significant to characterize CO 2 sources and sinks, monitor its global budget, and make predictions of future atmospheric compositions [1] [2] [3] [4] . Although it has come far, while space-borne passive detection is used generally for CO 2 detection [5, 6] , this detection technology only operates during the daytime and is impressionable to biases from atmospheric scattering [7, 8] . Compared with passive observations, the integrated path differential absorption LIDAR technique that relies on the energy measurement of laser pulse echoes reflected from a hard target has attracted a great deal of attention [7] [8] [9] . This LIDAR system emits two single-frequency pulse lasers with different wavelengths: one, called "online," is at the gas absorption line, and the other one, called "offline," is away from the absorption to serve as a radiometric reference. Following the recommendations of preliminary studies, 1572.024 and 1572.081 nm are chosen as the online and offline wavelengths, respectively, according to the minimum sensitivities to errors in water vapor, temperature, ground pressure, scattering surface elevation, and the optimal CO 2 differential absorption [10] . The above two single-mode (SM) pulse lasers are obtained by using an injection-seeded optical parametric oscillator-amplifier system [11] [12] [13] [14] . In order to minimize the error contribution from the laser wavelength and to ensure 1 ppm precision for CO 2 measurements, the root mean square (RMS) frequency drift of the online-seeder laser needs to be <0.3 MHz [13] . First, it is necessary to find a suitable absorption line near 1572.024 nm as the frequency reference. Although this is the proverbial wavelength reference for 1.5 μm lasers, for example, C 2 H 2 and HCN, even 87 Rb does not have strong absorption lines near 1572.024 nm. Therefore, the center wavelength 1572.0179 nm of the R18 CO 2 absorption line is chosen as the absolute wavelength reference. However, the absorption of the 1572.0179 nm line is very weak, so in order to get enough absorption, the length of the reference cell should be very long (typically >10 m). During the last decade, gas-filled hollow-core fibers have been widely investigated and could be used to build the light, compact reference cells [15] [16] [17] . But, the surface and high-order modes exhibited in these fibers lead to higher power loss and wavelength-dependent coupling to core modes, causing strong multipath interference (MPI), which limited the frequency stability to the MHz level, which is insufficient for the CO 2 LIDAR application. In addition, these fibers are difficult to splice with standard SM fibers [18] . So, the traditional freespace cell is the only option we have. It must be designed carefully to minimize the MPI and also should be compact and light to fulfill the stringent mass and volume requirements of space-borne equipment. Numata et al. [19] achieved a frequency drift of 0.3 MHz at an average time of 0.8 s over 72 h at the 1572.335 nm CO 2 line by using frequency modulation (FM) spectroscopy technology with a bulk cell in 2011. Andreas et al. [20] fulfilled a target frequency stability better than 200 kHz at 7 s and below 20 kHz (<10 −10 fractional stability) at 700 s in terms of the Allan deviation based on an Rb cell and an optical frequency comb (OFC) in 2014. Although the requirement of short-term stability had already been reached, the long-term value was faced with challenges. Gong et al. [21] developed a wavelength stabilization method for pulsed difference frequency lasers based on the saturated absorption method combined with two 16 m traditional free-space cells in 2015, but this method only reached an accuracy of about 30 MHz. Wei et al. [22] designed an optical phase-locked loop (OPLL) system to synchronize the frequency and the phase between two external cavity diode lasers, but did not mention the accuracy of the frequency drift.
In this Letter, a frequency-stabilized laser system based on the external FM technique with a bulk cell and OPLLs is presented. One distributed-feedback laser diode (DFB-LD) was frequency locked to the R18 absorption line of CO 2 as the master laser (ML) by using the external FM technology. Another two DFB-LDs were offset locked to the ML as slave lasers (SLs) by using the OPLL. Both the accuracy and stability of the ML were characterized by an analysis of an optical heterodyne beat note with an OFC. The SLs retained virtually the same absolute frequency stability of the ML by analyzing the beat notes between the SLs and the ML.
The absolute frequency locking setup is shown in Fig. 1 . A 40 mW SM polarization-maintaining (PM) DFB-LD (FRL15DCWD-A82, FITEL) was used as the ML, with a narrow linewidth of <1 MHz. The tuning coefficients for the current and temperature were 700 MHz/mA and 11.5 GHz/°C, respectively. After going through an isolator, which prevented unwanted feedback from influencing the frequency and linewidth of the laser, the ML output was divided into two parts using a 1:9 PM fiber splitter: 90% of the light was applied to lock this ML, while the rest was used to offset lock the SLs. A fibercoupler electro-optic modulator (EOM,PM-0K5-10-PFA-PFA, EOSAPCE) driven by a 140 MHz sinusoidal voltage with a modulation index of 3.5 modulated 90% of the light and produced sidebands that were 140 MHz apart around the optical carrier. Subsequently, the modulated laser went across a CO 2 absorption cell with a length of 10 m and a CO 2 pressure of 70 mbar. Finally, an InGaAs photodiode (PD, GD3560, CETC44) detected the transmitted laser beam and generated AC and DC signals. The AC current output of the detector was compared with a local oscillator's signal via a mixer. Then, an error signal in proportional to the laser frequency deviation from the CO 2 line center was produced after a low-pass filter and an amplifier. The appropriate phase delay was chosen to compensate for the unequal delay between the local oscillator and the AC output of the PD. The CO 2 cell pressure, modulation frequency, and depth and the phase shifter delay were optimized to maximize the slope of the error signal. The DC current output of the detector was used to find the absorption peak and switch on the frequency feedback loop automatically by using a digital CPU and other digital circuits. The loop servo fed two signals back to the ML: one was used to find the absorption peak by changing the working temperature, while the other was used to rapidly lock the frequency by adjusting the injection current through a proportion integration (PI) network.
FM technology [23, 24] takes advantage of an external phase modulator driven at radio frequency that is large compared to the width of the spectral feature and can effectively decrease the low-frequency noise lying outside the detection bandwidth, but cannot avoid the noise arising from the MPI of a gas cell. So, the minimization of the MPI of a gas cell becomes very important. In our experiment, the CO 2 cell was a homemade astigmatism Herriott cell with a size of Φ100 mm × 80 mm, as shown in Fig. 2(a) [25] . Two astigmatic mirrors were placed inside a chamber filled with CO 2 , forming a multipass optical delay line. The adjacent spot spacing on the mirrors was at least 6 times larger than the waist diameter (1∕e 2 ), and the reflective number between the two mirrors was 125. Figure 2(b) depicts the space and energy distributions of the light spot. This design not only made the construction compact, but also minimized the MPI because of the large spot spacing on the mirrors. The noise of the CO 2 cell was tested as described in Fig. 3(a) . The DFB-LD was driven by an LDC3724, which offered a high-stability, low-noise laser control. The output light passed through an isolator and the cell and then was detected by a PD. The signal generator (AFG3252C, Tektronix) output a triangular wave to modulate the current, and, subsequently, the MPI could be detected. Figure 3 (b) describes this triangular wave and the signal of the detector. The scanning range of the optical frequency was 2.8 GHz, according to the current coefficient. It also depicts the MPI noise after processing the data, and the maximum noise amplitude and the DC bias voltage were ∼2 and ∼420 mV, respectively.
According to Ref. [26] , a CO 2 reference line is pressure shifted by ∼0.22 MHz∕mbar in a CO 2 cell. To make sure the RMS of the laser frequency errors was less than 0.3 MHz, the pressure fluctuation should be <1 mbar. That is, to guarantee 8 years of working time, the pressure should be down to 69 mbar. In other words, the leak rate must be lower than 5×10
−10 Pa · m 3 ∕s. To ensure such a low leak rate, the roughness of the seal contract face was 0.8 μm. Before the installation, all mechanical parts must be cleaned up with an ultrasound, and during the installation, indium was adopted to reduce every gap. Additionally, according to the state equation of ideal gas, the pressure changes 0.235 mbar with a 1°C temperature variation. Therefore, the frequency drift is 0.05 MHz, and the temperature control precision of the CO 2 cell must be lower than 6°C. In this system, a thermoelectric cooler (TEC) was adopted to guarantee the temperature accuracy of the cell was < AE1°C. Figure 4 describes the error signal and absorption peak signal when the ML was scanned by adjusting the working temperature. The error signal afforded a desired linear region near zero with a slope of ∼2 mV∕MHz. So, the MPI noise, as mentioned above, is obtained in the absorption cell, which is enough to get a 0.3 MHz (RMS) frequency stability.
We measure the frequency deviation from the beat notes between the laser to be detected, and an absolutely stable reference signal is directly necessary, because the error signal could not reflect any frequency deviations caused by the temperature and the mechanism [18] . The output of the ML was combined with the output from an OFC (FC1500-250-WG, MenloSystems) using a fiber coupler. MenloSystems provided this OFC with a 250 MHz comb space, an accuracy of 10 −14 , and wavelength ranges from 1050 to 2100 nm and 530 to 900 nm. Then, the combined laser output was detected by a highly linear InGaAs PD (DSC30S-HLPD, Discovery). The instantaneous frequency of the beat note from the detector was measured by a frequency counter (Agilent 53220A). Figure 5 shows the frequency stabilization result of the ML, including the details of the beat notes. The frequency drifts of this laser were suppressed to about 50 kHz (RMS) at 0.1 s average time observed over 8 h when it was locked to the 1572.0179 nm CO 2 line. The detailed frequency deviation arising from the MPI is about 150 kHz peakto-peak, as shown in Fig. 5(b) . Figure 5 (c) displays the Allan deviation. The frequency stability is better than 5 kHz for a gating time up to 1000 s.
We chose 1572.024 and 1572.081 nm as the wavelengths of the online-seeder and offline-seeder lasers based on the minimum sensitivities to errors in water vapor, temperature, ground pressure, and scattering surface elevation and the optimal CO 2 differential absorption. In order for these two lasers to hold the frequency stability of the ML, the OPLL technology was adopted to stabilize the relative frequency between the SLs and the ML. The online-seeder and the offline-seeder DFB-LDs were locked with frequency offsets of 760 MHz and 7.616 GHz, respectively, for the 1572.0179 nm ML. The locking setup is shown in Fig. 6 . A 1:1 SM PM fiber coupler was used to mix 10% SL power with 5% ML power. Then, the mixed laser output was detected by a 20 GHz PD (DSC40S, Discovery). The produced sinusoidal beat note corresponding to the frequency offset between the online seeder and ML was amplified by a broadband amplifier HEM388E (CETC13) and subsequently frequency divided by a digital frequency divider BW442SM4 (CETC13) by a factor of 8 for 760 MHz, while the beat note between the offline-seeder laser and the ML was amplified by amplifier BW290SM4 (CETC13) and subsequently frequency divided twice by the same divider BW442SM4 for 7.616 GHz. The divided beat note was amplified again and then input to a digital phase-frequency detector (HMC439, AD), which was used to detect the phase difference between the divided beat note and a precise electronic reference signal generated by a temperaturecompensation crystal oscillator. There were two oscillators in the system: one at 92 MHz was used to lock the onlineseeder laser, and the other one at 119 MHz was applied to lock the offline-seeder laser. After a loop filter, an error signal proportional to the frequency difference between the two signals was generated. According to the error signal, the analog PI servo controlled the current automatically. The CPU automatically turned on the feedback loop and also monitored the output of the PI to prevent the loop from losing locking.
The divided frequency differences between the SLs and the ML were measured with a frequency counter from Agilent 53220A. As shown in Fig. 7 , when offset locked, the RMS value of the fluctuation of the beat note frequency for online-seeder laser was 1.21 kHz and for the offline-seeder laser was 1.45 kHz, so the SLs retained virtually the same absolute frequency stability of the ML. When we convert this fluctuation to the optical frequency for the online laser, it is lower than 60 kHz at 0.1 s average time, and for the offline laser, it is lower than 80 kHz.
In conclusion, in order to ensure 1 ppm precision for CO 2 measurements, a robust laser frequency stabilization system with high-frequency stability is acquired. An ML is wavelength locked to 1572.0179 nm based on an external FM technique, limiting its RMS frequency drift to 50 kHz at 0.1 s average time over 8 h. An online-seeder laser and an offline-seeder laser are offset frequency locked based on the OPLL, stabilizing their absolute frequencies to virtually the same sub-MHz precision as the ML. The stability of this seed laser source is sufficient to satisfy the spaceborn CO 2 LIDAR requirement. In future, the noise arising from the MPI will be made better with the improvement of the processing craft of the mirror, and the size of cell and the whole system will be made smaller to satisfy researchers' needs in practice.
